The self-synchronization characteristics of the two excited motors for the nonlinear vibration system with the asymmetrical hysteresis have been proposed in the exceptional circumstances of cutting off the power supply of one of the two excited motors. From the point of view of the hysteretic characteristics with the asymmetry, a class of nonlinear dynamic model of the self-synchronous vibrating system is presented for the analysis of the hysteretic characteristics of the soil, which is induced by the relation between the stress and the strain in the soil. The periodic solutions for the self-synchronous system with the asymmetrical hysteresis are investigated using nonlinear asymptotic method. The synchronization condition for the self-synchronous vibrating pile system with the asymmetrical hysteresis is theoretical analyzed using the rotor-rotation equations of the two excited motors. The synchronization stability condition also is theoretical analyzed using Jacobi matrix of the phase difference equation of the two excited motors. Using Matlab/Simlink, the synchronous operation of the two excited motors and the synchronous stability operation of the self-synchronous system with the asymmetrical hysteresis are analyzed through the selected parameters. Various synchronous phenomena are obtained through the difference rates of the two excited motors, including the different initial phase and the different initial angular velocity, and so on. Especially, when there is a certain difference in the two excited motors, the synchronous operation of the two excited motors and the synchronous stability operation of the self-synchronous vibrating system with the asymmetrical hysteresis can still be achieved after the power supply of one of the two excited motors has been disconnected. It has been shown that the research results can provide a theoretical basis for the research of the vibration synchronization theory.
Introduction
The vibration synchronization has been an important factor in the vibrating system driven by the multi-excited motors, the vibration synchronization is usually explained that the two eccentric rotors on the two excited motors in the vibrating system driven by the multi-excited motors must be done synchronous operation, namely, the phase difference of the two excited motors is 0 or a constant value and the self-synchronization is realized through the phase difference with a constant value. The vibrating system driven by the multi-excited motors can be named as the self-synchronous vibrating system. The synchronous operation of the excited motors is very favorable in many engineering field, especially in the vibratory compacting system with the multi-excited motors. So the investigation on the vibration synchronization has become one of the key issues in the self-synchronous vibrating system.
The phenomenon of self-synchronization can be found in our life. Huygens observed that the two clocks soon ran at a common rate, using clocks that he had designed for determining a ship's longitude. 1 Subsequently, the problem of synchronization of clock 2 and the lay synchronization 3 had also been paid attention by many scholars. The research on vibration synchronization can be found in many references. 4, 5 Many models of the selfsynchronous vibrating system, such as the linear model with the linear stiffness and the simplified ideal model, have been investigated and can be found in many references. [6] [7] [8] It is no doubt that linear model is a very good model for the analysis of the vibrating system driven by the multi-excited motors, but it is of very limited to describe vibration synchronization in the vibrating system. With the development of nonlinear vibration theory, many nonlinear models about the vibration synchronization for the self-synchronous vibrating system, such as the nonlinear model of the duffing kinetic equation, 9 ,10 the nonlinear model of the piecewise linear stiffness, 11, 12 and so on, have been investigated and found in many references. The relationship between the excitation frequency and the natural frequency in the vibrating system driven by the multi-excited motors has been investigated and can be found in many references. In addition, in order to ensure the synchronous operation of the multi-excited motors and the synchronous stability of the vibrating system, most of the traditional vibration machines can be run on the far-super resonance state. 13 But it is of very limited to obtain the stable operation and the large vibration. With the development of vibration theory, the frequency range of the vibrating system driven by the multi-excited motors, such as a super-resonant vibrating system, 14 a nonresonant vibrating system, 15, 16 and the combination of the resonance and non-resonance vibrating system, 17 has been greatly expanded. When the excitation frequency is close to the definite range of the natural frequency in the vibrating system driven by the two excited motors, namely, the resonance can occur in the vibrating system driven by the two excited motors, the synchronous operation of the two excited motors and the synchronization stabilities of the vibrating system driven by the two excited motors have been obtained. 12, 18 Obviously, the occurrence of vibration synchronization in the vibrating system driven by the multi-excited motors can also be impacted by the relationship between the excitation frequency and the natural frequency. From the point of view of the nonlinear dynamics, the vibration synchronization of the vibrating system with the hysteresis force should be investigated. But these investigations can be rarely found in many references. Thus, the investigations on the vibration synchronization for a nonlinear vibrating system with the hysteresis force have become one of the key issues in the nonlinear vibrating system driven by the multi-excited motors.
In this paper, from the point of view of the hysteretic characteristic, the nonlinear dynamic models of the vibratory compacting system also are presented for the analysis of the relation between the stress and the strain in the soil. The periodic solutions for the self-synchronous vibrating system with the asymmetrical hysteresis are investigated. The synchronization condition and the synchronization stability condition for the self-synchronous vibrating system with the asymmetrical hysteresis are theoretical analyzed. Using Matlab/Simlink, the synchronous operation of the two excited motors and the synchronous and stable operation of the self-synchronous vibrating system in the exceptional circumstances of cutting off one of the two excited motors are analyzed through the selected parameters.
Mathematical model
The interaction between the compaction machinery and the soil has been a nonlinear issue in the engineering field of the compacted soil, so its model cannot be analyzed using the simple nonlinear model. From the point of view of the influence of the elastic-plastic deformation in the soil, the hysteretic characteristic with the asymmetry is usually shown on the relation between the stress and the strain in the soil. So the hysteretic characteristic with the asymmetry can be expressed using the hysteretic force with the asymmetry in the process of the compacting soil. As shown in Figure 1 , the hysteretic force with the asymmetry can be defined as
In equation (1), y is described as the displacement in the direction of the hysteretic force. b 1 , b 2 , and b 3 are expressed as the coefficients of the hysteretic force. y 1 and y 2 are the coordinate points on y-axis, and they should be satisfied and expressed as 0 y 1 y 2 . From the point of view of the vibration compaction engineering of the soil, the dynamic model of the selfsynchronous vibrating system with the asymmetrical hysteresis is shown in Figure 2 . As shown in Figure 2 , when the self-synchronous vibrating system driven by the two excited motors is the vibratory compacting system, the vibrating force in the vibratory compacting system is in the vertical direction. oy is the coordinate system of the selfsynchronous vibrating system with the asymmetrical hysteresis, O is the center of the self-synchronous vibrating system (it is also the midpoint of the line of the shaft for the two excited motors), O 1 , O 2 is the center of the shaft for the two excited motors. Using Lagrange equation, the differential equations of the self-synchronous vibrating system driven by the two excited motors under the action of the hysteretic force with the asymmetry are defined as In equation (2) , y, _ y, and € y are the vibration displacement, the velocity and the acceleration of the selfsynchronous vibrating system in the vertical direction, respectively. m is the total mass of the self-synchronous vibrating system. m 1 and m 2 are the mass of the eccentric rotors on the two excited motors, respectively. r i (i ¼ 1,2) is the radiuses of the eccentric rotor on the excited motor around
are the angular phase of the eccentric rotor i, the angular velocity of the eccentric rotors i, the angular acceleration of the eccentric block i, respectively. c is the damping of the self-synchronous vibrating system with the compacted soil, c i (i ¼ 1,2) is the damping of the eccentric rotor on the excited motors i. J 0i (i ¼ 1,2) is the moment of the inertia of the eccentric rotor i, T mi ð _ u i Þ (i ¼ 1,2) is the electromagnetic torque on the excited motor i,
is the friction torque on the excited motor i. f(y) is expressed as the hysteretic force with the asymmetry in the selfsynchronous vibrating system. The angular velocity _ u i is generated through the rotation of the eccentric rotor on the excited motor around O i . _ u i can be replaced by x i (i ¼ 1,2) (x i is the angular frequency). When x 1 ¼ x 2 , the synchronous operation of the two excited motors is presented in the synchronous vibration system. The two angular phases can be defined as
Du. u is named as the average angular phase of the two excited motors. Du is named as the phase difference angle of the eccentric blocks on the two excited motors. _ u is named as the average angular velocity of two eccentric blocks. _ u may be expressed as x ( x is the excited frequency).
x can be defined and expressed as
x ¼
2 . Using the above parameters, the first equation in equation (1) can be rewritten as
In equation (3),
Du. When an approximate solution of the self-synchronous vibrating system with the asymmetrical hysteresis near the main resonance is named as y ¼ acosw. In this equation, a is the amplitude of an approximate solution of the self-synchronous vibrating system with the asymmetrical hysteresis, w is the phase of an approximate solution of the self-synchronous vibrating system with the asymmetrical hysteresis. The hysteretic force with the asymmetry in equation (1) can be derived using the curve in Figure 1 
In equation (4), w 1 ¼ arccos
a and is in the first quadrant. In equation (3) , the parameter terms of the self-synchronous vibrating system with the asymmetrical hysteresis, such as the damping term and the hysteretic force term with the asymmetry and the exciter force terms, are very small quantity. The periodic solution of the self-synchronous vibrating system under the action of the hysteretic force is solved using nonlinear asymptotic method, and then the periodic solution can be calculated to solve the following equation
When the self-synchronous vibrating system with the asymmetrical hysteresis is subject to a primary resonance, the excited frequency x is approximately equal to the first natural frequency x n , namely, x n % x. In addition, x n ¼ ffiffiffiffiffiffiffiffiffi k=m p is named as the first natural frequency of the self-synchronous vibrating system with the asymmetrical hysteresis. In addition, d a ð Þ is the equivalent damping ratio of the self-synchronous vibrating system with the asymmetrical hysteresis, and d a ð Þ can be deduced and expressed as
Equation (6) can be transformed into and rewritten as
In equation (6),
ð Þ is the equivalent natural frequency of the self-synchronous vibrating system with the asymmetrical hysteresis, and x e a ð Þ can be deduced and written as
Equation (8) can be transformed into and rewritten as
In equation (9),
The amplitude frequency characteristic equation of the periodic solution about the self-synchronous vibrating system with the asymmetrical hysteresis under the action of the hysteretic force is written as
Theoretical analysis
Theoretical analysis about the synchronization condition
When the phase difference of the two excited motors is in a certain range, the synchronous operation of the two excited motor can be realized to run safely and stably in the self-synchronous vibrating system with the asymmetrical hysteresis. The rotor rotational motion equations (the last two formulas in equation (2)) are transformed to obtain the synchronization condition through the theoretical analysis. In the last two formulas in equation (2), the vibration torque of the axis i can be expressed as
In equation (11), i ¼ 1,2. The vibration torques can be changed with the acceleration € y of the self-synchronous vibrating system. The vibration torques can be rewritten as
The average vibration torque using the definite integral method can be obtained. The average vibration torque is named that the vibration torque in one 2p period is averaged. So the average vibration torques of equation (12) can be rewritten as
It has been assumed that the relevant parameters of the two excited motors is equal, namely J 01 ¼ J 02 , c 1 ¼ c 2 . The vibration torques of the last two formulas in equation (2) is replaced by the average vibration torques. Then, the last two formulas in equation (2) are subtracted from each other, Using the last two formulas in equation (2), the rotary motion equation about the phase difference can be defined as
Equation (14) can be rewritten as
If (15) can be transformed into and the state equation of equation (15) can be expressed as
In equation (16),
and DT m À DT f are named as the difference between the electromagnetic torque and the friction torque. If the state of the stable equilibrium is achieved in the self-synchronous vibrating system with the asymmetrical hysteresis, _ e 1 ¼ _ e 2 ¼ 0, equation (17) must be satisfied and expressed as
In equation (17), sinh ¼
. Equation (17) can be transformed into and can be expressed as
In equation (18),
. In equation (18) , when D j j ! 1, the phase difference angle Du is solvable. When D j j < 1, the phase difference angle is unsolvable. Namely, the necessary condition of synchronous operation for the self-synchronous vibrating system with the asymmetrical hysteresis is that the absolute value of D is greater than or equal to 1. So the synchronization condition in the self-synchronous vibrating system with the asymmetrical hysteresis can be expressed as
The absolute value of D can be used to characterize the synchronization condition of the self-synchronous vibrating system with the asymmetrical hysteresis. If D j j is the bigger, the realized synchronization for the selfsynchronous vibrating system with the asymmetrical hysteresis is the easer. If D j j% 1, the synchronization condition of the self-synchronous vibrating system with the asymmetrical hysteresis is weak. As shown in equation (19), when reducing DT m À DT f or increasing ðm 0 r 0 x 2 Þ 2 W, the synchronization condition of the self-synchronous vibrating system with the asymmetrical hysteresis can be improved. In addition, DT m À DT f ¼ 0, and it is the ideal condition. But the most unsatisfactory condition is that W ¼ 0 in equation (19). After the power of one of the motors was cut off, such as
So the synchronization condition of the self-synchronous vibrating system with the asymmetrical hysteresis in equation (19) can be expressed as
Equation (20) can be transformed into and rewritten as
When the self-synchronous vibrating system with the asymmetrical hysteresis is subject to a primary resonance, the excited frequency
x is approximately equal to the first natural frequency x n , namely, x n % x. The equivalent natural frequency x e a ð Þ of the self-synchronous vibrating system with the asymmetrical hysteresis cannot be identical to the natural frequency x n . Namely, x n 6 ¼ x e a ð Þ, so x e a ð Þ 6 ¼ x. Namely, W 6 ¼ 0. So the most unsatisfactory condition (namely, W ¼ 0) in equation (19) cannot be presented in the self-synchronous vibrating system with the asymmetrical hysteresis. The equivalent damping ratio d a ð Þ and the equivalent natural frequency x e a ð Þ can be substituted by equation (21) and equation (21) can be expressed as
If the synchronous operation of the two excited motors had been achieved after the two excited motors has be activated at the same time, the synchronous operation of the two excited motors could still be obtained after the power supply of one of the two excited motors has been disconnected. In other words, when the synchronization condition (namely, equation (20)) of the self-synchronous vibrating system with the asymmetrical hysteresis is still satisfied, the synchronous operation of the two excited motors could still be achieved. But the vibration track of the vibration system will be changed. The two-excited motors being cut off power can get energy to overcome the friction torque in the process of the vibration.
In addition, u 2 in equation (9) is a minute quantity and greater than zero, so x e a ð Þ > x n . When x n ¼ x, W < 0. As shown in equations (19)-(23), if the synchronization condition D is positive, namely,
is positive, the phase different Du ¼ ½À908; 0 8 or Du ¼ ½1808; 2708. Namely, there are two phase differences at each D value, but only one solution of two phase differences is stable and the other one is unstable. Therefore, the synchronous stability condition is analyzed in the self-synchronous vibrating system with the asymmetrical hysteresis.
Theoretical analysis about synchronous stability condition
Using the Jacobian matrix in equation (16) , the synchronous stability condition is deduced in the selfsynchronous vibrating system with the asymmetrical hysteresis. Namely, the synchronous stability condition for the phase different of the two-excited motor are analyzed. The Jacobian matrix of equation (16) can be expressed as
The characteristic equation of Jacobi matrix in equation (24) can be written as
When the real part of the characteristic root in equation (25) is negative, the phase difference in equation (16) 
If equation (26) can be satisfied, cose 1 in equation (26) must be less than zero. When cose 1 < 0 in equation (26), namely, the phase different Du is at ½908; 2708 (namely, Du ¼ ½908; 1808 and Du ¼ ½1808; 2708) or ½À908; À2708 (namely, Du ¼ ½À908; À1808 and Du ¼ ½À1808; À2708), the phase difference of equation (16) is asymptotically stable. The synchronization stability condition can be satisfied in the self-synchronous vibrating system with the asymmetrical hysteresis. So the synchronous operation of the two excited motors in the selfsynchronous vibrating system with the asymmetrical hysteresis is stable when the phase difference Du is at ½908; 2708 or ½À908; À2708. But when the phase difference Du is at Du ¼ ½À908; 908, the synchronous operation of the two-excited motors in the self-synchronous vibrating system with the asymmetrical hysteresis is unstable. In addition, the stable value of the phase difference Du is p rad at ½908; 2708 or Àp rad at ½À908; À2708.
As shown in equations (16)
is negative or positive and the phase difference Du is at Du ¼ ½908; 1808 or Du ¼ ½1808; 2708, the synchronization condition and the synchronization stability condition can be satisfied, then the synchronous operation of the two excited motors and the synchronous stability operation of the self-synchronous vibrating system with the asymmetrical hysteresis can be achieved after the power supply of one of the two excited motors has been disconnected.
Self-synchronization characteristics
Using the model of the self-synchronous vibrating system with the asymmetrical hysteresis about equations (1)-(2), some parameters for the self-synchronous vibrating system with the asymmetrical hysteresis are selected as follows m ¼ 78 kg,
The simulation is performed using Matlab/Simlink. The response of the parameters in the model of the self-synchronous vibrating system with the asymmetrical hysteresis can be obtained using the combination of equations (1)- (2) with the electromagnetic torque equations and the rotor motion equations about the motors. The first natural frequency of the vertical direction is 22.5 Hz and the angular frequency of the self-synchronous vibrating system is 25 Hz (about 157 rad/s), namely,x n % x. The specific analysis is using the above parameters, in addition, c ¼ 1000 NmÁs/rad. When there is no difference in the initial parameters of the two excited motors, the responses of the parameters and the spectrum map of the vibration displacement for the self-synchronous vibrating system under the action of the hysteretic force with the asymmetry has been obtained and shown in Figure 3 . As shown in Figure 3 , the two excited motors are started slowly at the same time and the stable displacement of the self-synchronous vibrating system with the asymmetrical hysteresis is achieved after a big shock, finally the vibration displacement is stable at around 0.05 m. The angular velocity of the two excited motors is eventually stabilized at about 153.6 rad/s. The excited frequency is about 24.2 Hz and is close to the angular frequency of the two excited motors (25 Hz). It has been shown that the excited frequency of the two excited motors is close to the first natural frequency (about 22.5 Hz). As shown in the spectrum map of Figure 3 , the amplitude at the excited frequency x is the biggest and the relatively small amplitudes are also presented at three times of the excited frequency 3x and five times of the excited frequency 5x. It has been shown that the self-synchronous vibrating system is the nonlinear vibration system with the asymmetrical hysteresis.
When there are some differences in the initial parameters of the two excited motors, such as the different initial phase, the different initial angular velocity or the different excited motor parameters, the synchronous operation of the two excited motors and the synchronous stability operation of the self-synchronous vibrating system in the exceptional circumstance, such as cutting off one of the two excited motors, are analyzed as follows:
(a) When the difference rates of the excited motors parameters is in a certain range, the power supply of the excited motor 1 is disconnected after four seconds. The displacement response of the self-synchronous vibrating system and the angular velocities response of the two excited motors are shown in Figure 4 . The responses of the parameters for the self-synchronous vibrating system with the asymmetrical hysteresis, such as the responses of the phase difference, the responses of the angular velocity difference, the phase plane of the phase difference, and the angular velocity difference, have been obtained and shown in Figure 5 .
As shown in Figure 4 , the two excited motors are started slowly at the same time, a big shock has been presented for the displacement response before two seconds, subsequently and then the small amplitude is achieved after about two seconds. The beat vibration is formed after the power supply of the excited motor 1 has been disconnected and then the amplitude is gradually stable after 8 s. As shown in the angular velocity curve of Figure 4 , the angular velocities have been stable at about 157.7 rad/s before 4 s. But after 4 s, the big shocks of the crossing rules are appeared for the angular velocities on the two excited motors, subsequently. Finally, the shocks of the angular velocities are reduced to be stable at about 156.8 rad/s. It has been shown that the motor being power off (the excited motor 1) from the motor being power supply (the excited motor 2) can be still to get the energy and complete its operation, the synchronous operation of the two excited motors can be achieved. Only the stable value of the angular velocities after 4 s (namely, after the power supply of the excited motor 1 has been disconnected) is less than the stable value of the angular velocities before 4 s (namely, before the power supply of the excited motor 1 has been disconnected).
As shown in Figure 5 , the big shocks of the angular velocity difference of the two excited motors and the phase difference of the two excited motors are presented before 4 s, subsequently. Finally, the angular velocity difference and the phase difference are also stable, such as the angular velocity difference is stable at 0 rad/s and the phase difference is stable at about À2.8 rad. After 4 s, the angular velocity difference is with the repeated shocks at 0 rad/s and finally stable at 0 rad/s. The phase difference is with the slight-repeated shocks and stable at about Àp rad after 4 s, and the stable value of the phase difference (Àp rad) is smaller than its stable value (À2.8 rad) in 4 s ago. As shown in the phase plane graphs of Figure 5 , a limit cycle is also appeared in the phase plane of the angular velocity difference and the phase difference and the stable solutions of the angular velocity difference and the phase difference can be obtained, namely, the synchronous stability operation of the self-synchronous vibrating system with the asymmetrical hysteresis can be achieved. The phase difference is stable at about Àp rad (namely À p is at ½À908; À 2708), this analysis is consistent with theoretical analysis. So it has been shown that the synchronous operation of the two excited motors and the synchronous stability operation of the self-synchronous vibrating system with the asymmetrical hysteresis can be obtained. The self-synchronous vibrating system with the asymmetrical hysteresis has the ability to restore synchronization and the self-synchronous vibrating system with the asymmetrical hysteresis is with the self-synchronizing characteristics.
(b) When there is the different initial angular velocity for the two excited motors, such as the initial angular velocity of the excited motor 1 is 0.8 rad/s and the initial angular velocity of the excited motor 2 is 0 rad/s, the power supply of the excited motor 1 has been disconnected after 4 s. The responses of the parameters for the selfsynchronous vibrating system with the asymmetrical hysteresis are shown in Figures 6 and 7 .
As shown in Figure 6 , when the initial angular velocity difference of the two excited motors is 0.8 rad/s, the stable amplitude in the vertical direction is relatively small before 4 s and subsequently the amplitude is a slight increase after four seconds. As shown in the angular velocity response diagram of Figure 6 , the angular velocity of the motor being power off (the excited motor 1) is represented by the black line, the angular velocity of the motor being power supply (the excited motor 2) is represented by the red line. The angular velocity of the motor being power off (the excited motor 1) is turned into a very thin line after 4 s. Finally, the motor being power off (the excited motor 1) and the motor being power supply (the excited motor 2) are synchronous operation, together. The synchronous operation of the two excited motors can be achieved. The stable value of the angular velocities (about 156.8 rad/s) after 4 s is a little smaller than the stable value of the angular velocities (156.9 rad/s) for the two excited motors before 4 s. So it has been shown that the motor being power off (the excited motor 1) from the motor being power supply (the excited motor 2) can get the energy and complete its operation, so that the stable angular velocity after 4 s is less than the stable angular velocity before 4 s.
As shown in Figure 7 , when the initial angular velocity difference of the two excited motors is 0.8 rad/s, the angular velocity difference and the phase difference are with no obvious repeated shocks after 4 s (namely, after the power supply of the excited motor 1 has been disconnected), subsequently, the angular velocity difference and the phase difference are also stable, such as the angular velocity difference is stable at 0 rad/s and the phase difference is stable at about p rad. The limit cycle is also appeared by the phase plane of the angular velocity difference and the phase difference in Figure 7 . The stable solutions of the angular velocity difference and the phase difference can be obtained, namely, the synchronous stability operation of the self-synchronous vibrating system with the asymmetrical hysteresis has been revealed. The phase difference is stable at about p rad (namely p is at ½908; 2708). It has been shown that the synchronous operation of the two excited motors and the synchronous stability operation of the self-synchronous vibrating system with the asymmetrical hysteresis can be obtained, when the power supply of one of the two excited motors is disconnected after the synchronous operation of the two excited motors and the synchronous stability operation of the self-synchronous vibrating system with the asymmetrical hysteresis has been obtained.
(c) When the initial phase difference of the two excited motors is 3.14 rad, such as the initial phase of the excited motor 1 is 3.14 rad and the initial phase of the excited motor 2 is 0 rad/s, the power supply of the excited motor 1 has been disconnected after 4 s. The responses of the parameters for the self-synchronous vibrating system with the asymmetrical hysteresis are shown in Figures 8 and 9 .
As shown in Figure 8 , when the initial phase difference of the two excited motors is 3.14 rad, the amplitude tends to be stable and almost 0 after a big shock has been presented for the displacement response in 4 s. When the power supply of the excited motor 1 is disconnected in the fourth second, the amplitude of the vertical direction is immediately increased and then the amplitude tends to be stable at about 1.5 mm after the beat vibration has been formed for the amplitude. The angular velocity of the motor being power off (the excited motor 1) is represented using the black line in the angular velocity response diagram of Figure 8 , and the angular velocity of the motor being power supply (the excited motor 2) is represented using the red line. As shown in the angular velocity curve of Figure 8 , the line of the angular velocity is relatively thin for the motor being power off (the excited motor 1) after the power supply of the excited motor 1 has been disconnected, and then the line of the angular velocity is relatively coarse for the motor being power supply (the excited motor 2). It can be showed that the amplitude of the repeated vibration for the motor being power supply (the excited motor 2) is much larger than the amplitude of the repeated vibration for the motor being power off (the excited motor 1). Finally, the synchronous operation of the two excited motors is obtained in the self-synchronous vibrating system with the asymmetrical hysteresis. The stable value of the angular velocity (about 156.8 rad/s) after 4 s is less than the stable value of the angular velocity (about 156.9 rad/s) before 4 s. It has been shown that the motor being power off (the excited motor 1) from the motor being power supply (the excited motor 2) can get the energy to complete the synchronous operation of the two excited motors.
As shown in Figure 9 , when the initial phase difference of the two excited motors is 3.14 rad, the violent irregular vibration of the angular velocity difference is presented after the power supply of the excited motor 1 has been disconnected. Finally, the amplitude for the angular velocity difference is with the repeated vibration up and down in 0 rad/s. The irregular vibration of the phase difference is presented after the power supply of the excited motor 1 has been disconnected, and then the phase difference is final stable at about p rad (namely p is at ½908; 2708). The stable value of the phase difference after 4 s is slightly smaller than the stable value of the phase difference before 4 s. As shown in the last small graph of Figure 9 , when the initial phase difference of the two excited motors is started from 3.14 rad and the initial angular velocity difference of the two excited motors is started from 0 rad/s, a limit cycle is also appeared after the movement of an irregular oscillation for the angular velocity difference and the phase difference. Namely, the synchronous stability operation has been obtained.
When the initial phase difference of the two excited motors is À1.57 rad and the power supply of the excited motor 1 has been disconnected after four seconds, the responses of the phase difference and the angular velocity difference and their phase plane can be obtained and shown in Figure 10 . When the initial phase difference of the two excited motors is started from À1.57 rad, the angular velocity difference and the phase difference are presented with the irregular vibration. The angular velocity difference and the phase difference can be eventually stabilized at 0 rad/s and about Àp rad, respectively. A limit cycle is also appeared after the power supply of the excited motor 1 has been disconnected. The synchronous operation of the two excited motors and the synchronous stability operation can be obtained.
(d) When the exciting forces of the eccentric rotors in the two excited motors are different, such as the mass of the eccentric rotor for the excited motor 1 is transformed into 1.5 kg (namely, m 1 ¼ 1.5 kg), the power supply of the excited motor 1 has been disconnected after 4 s and then the responses of the parameters for the selfsynchronous vibrating system with the asymmetrical hysteresis are shown in Figures 11 and 12 . Figure 9 . Simulation of the system under the different initial phase (3.14 rad) conditions.
As shown in Figure 11 , when the mass of the eccentric rotor on the excited motor 1 is changed in the selfsynchronous vibrating system with the asymmetrical hysteresis, namely, the exciting forces in the vertical direction are not equal, the amplitude in a vertical direction is presented with the repeated vibration at about 15 mm after the power supply of the excited motor 1 has been disconnected. As shown in the angular velocity diagram of Figure 11 , the angular velocity of the excited motor 1 is presented with the regular repeated motion of the large wave at about 156.8 rad/s, and then the angular velocity of the excited motor 2 is presented with the steady motion of the small wave at about 156.8 rad/s after the power supply of the excited motor 1 has been disconnected. The synchronous operation of the two excited motors can be obtained.
As shown in Figure 12 , the angular velocity difference of the two excited motors is presented with the repeated motion of the wave at 0 rad/s, and then the phase difference of the two excited motors is presented with the steady motion of the small wave at about Àp rad after the power supply of the excited motor 1 has been disconnected. As shown in the last small graph of Figure 12 , the initial phase difference and the initial angular velocity difference of the two excited motors are also started from 0, and the phase difference and the angular velocity difference can be eventually stabilized at about Àp rad and 0 rad/s, respectively. A limit cycle is also appeared after the power supply of the excited motor 1 has been disconnected.
As shown in Figures 4 to 12 , when there are some differences in the initial parameters of the two excited motors, the synchronous operation of the two excited motors and the synchronous stability operation of the selfsynchronous vibrating system with the asymmetrical hysteresis can still be achieved in the exceptional circumstance, such as the power supply of one of the two excited motors is disconnected after the synchronous operation of the two excited motors and the synchronous stability operation of the self-synchronous vibrating system with the asymmetrical hysteresis has been obtained. The stable angular velocity of the two excited motors after cutting off one of the two excited motors is only less than the stable angular velocity of the two excited motors before cutting off one of the two excited motors. The phase difference is final stable at about p rad (namely p is at ½908; 2708) orÀp rad (namely Àp rad is at ½À908; À2708, this analysis is consistent with theoretical analysis. The motor being power off (the excited motor 1) from the motor being power supply (the excited motor 2) can get the energy to overcome the friction torque and complete the synchronous operation of the two excited motors. So the self-synchronous vibrating system with the asymmetrical hysteresis has the ability to restore synchronization when the power supply of one of the two excited motors is disconnected after the synchronous operation of the two excited motors and the synchronous stability operation has been obtained. It has been shown that the selfsynchronous vibrating system with the asymmetrical hysteresis is with the self-synchronizing characteristics.
Conclusions
In this paper, the self-synchronization characteristics of the nonlinear vibration system with the asymmetrical hysteresis have been proposed in the exceptional circumstances of cutting off the power supply of one of the two excited motors. Firstly, from the point of view of the hysteretic characteristics with the asymmetry of the compacted soil, nonlinear dynamic model of the self-synchronous vibrating system is presented for the analysis of the hysteretic characteristics of the soil, which is induced by the relation between the stress and the strain in the soil. The periodic solutions for the self-synchronous vibrating system with the asymmetrical hysteresis are investigated using nonlinear asymptotic method. Secondly, the synchronization condition of the two excited motors is theoretical analyzed using the rotor-rotation equations of the two excited motors, and the synchronization stability condition of the self-synchronous vibrating system with the asymmetrical hysteresis are theoretical analyzed using Jacobi matrix of the phase difference equation of the two excited motors, after the power supply of one of the two excited motors has been disconnected. Thirdly, using Matlab/Simlink, the synchronous operation of the two excited motors and the synchronous stability operation of the self-synchronous vibrating system with the asymmetrical hysteresis have been quantitative analyzed through the difference rates of the two excited motors (including the initial phase difference, the initial angular velocity difference, and the difference of the motors parameters), when the power supply of one of the two excited motors has been disconnected.
Finally, it has been revealed that the synchronous operation of the two excited motors and the synchronous stability operation of the self-synchronous vibrating system with the asymmetrical hysteresis can still be achieved after the power supply of one of the two excited motors has been disconnected. So the self-synchronous vibrating system under the action of the hysteretic force with the asymmetry has the ability to restore synchronization in the exceptional circumstance of cutting off one of the two excited motors. So the self-synchronous vibrating system is with the self-synchronizing characteristics.
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